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Summary

Although the Late Devonian-age dark shales of the Eastern Interior
Basins are thought to be uniformly gassy, organic geochemical studies
in the Appalachian and Illinois Basins show that the gas is not uni-
formiy distributed and that most of the gas is probably sourced and
largely retained in thin, organic-rich zones that were deposited in
restricted marine environments. These restricted conditions occurred
intermittently as the basins subsided and the structural highs were
periodically uplifted and shed their sediments and detrital organic
matter. As the Devonian-age basins filled, the environments of
deposition of the Appalachian Basin and Illinois Basin became non-

marine more and more northerly and northwestwardly, respectively.

Heavy hydrocarbon-to-organic carbon ratios show that the organic
matter associated with the restricted marine environments is differ-
ent in the two basins, perhaps because of their relative positions
with respect to their connections to the open oceans. During virtually
the entire period in question, the Appalachian Basin had a direct con-
nection; the Illinois Basin was somewhat isolated by the already de-
veloping Cincinnati Arch on the east and the Kankakee or Wabash Arch
on the north. However, the differences in organic matter noted in
this study suggest a northwest connection of the Illinois Basin to a
different ocean mass than that which supplied marine waters to the
Appalachian Basin.

In addition to two chemically distinct rich-organic facies associated
with the restricted marine environments in the two basins, there is

still another rich facies associated with the nonmarine sediments filling
the Appalachian geosyncline from the growing mountains on the east.

This organic facies is very gassy also, but the gas contains less of the
higher homologs of methane. In contrast, the gases generated by the two
other organic facies are rich in heavier hydrocarbon gases and therefore
are higher B.T.U. gases.

As a fossil fuel resource, certain facies within the dark Devonian-age

shale are much richer gas sources than others. To optimize the develop-
ment of this resource, results of this organic geochemical study suggest
that the most prolific potential reservoirs (naturally occurring or induced)
should be sought or located in the geologic section containing or contiguous

to the richest organic source intervals; i.e., rocks deposited in restricted



marine environments. This should be stressed, because the section is not
uniformly gassy. The amount of gas in rocks of each interval depends
directly on the amount of detrital organic matter, which is quite variable.
Moreover, it appears that virtually all the gas as well as virtually all

the liquid hydrocarbons are retained in the rock where they were generated.



Introduction

The Late Devonian—-age dark shales of the
Eastern Interior Basins contain a prodig-
ious amount of natural gas underlying
thousands of square miles of the United
States. This potential gas source is of
great economic interest because of its
proximity to major concentrations of en-
ergy-consuming industrial and population
centers. However, the gas is so tightly
held in the shale's low-permeability, low-
porosity pore network that it does not
currently constitute an economically
attractive drilling target for gas explor-
ationists or producers. The Unites States
Department of Energy, Morgantown Energy
Technology Center, through its Eastern Gas
Shale Project is stimulating the search
for viable methods to utilize this valu-
able natural resource and help alleviate

a growing shortage of domestic natural
gas. An important part of the comprehen-
sive program is Mound Facility's research
into the characterization and distribution
of the gas and its source, or sources.

A detailed chemical measurement and char-
acterization of the organic matter in the
dark shale unit, along with many of the
important ancillary geological measure-
ments necessary for a complete resource
assessment, are currently in progress. On
selected samples the following determina-

tions are made:

Cy through C7 hydrocarbon gases con-
tained in cores canned shortly after

retrieval at the well site;

Lithological descriptions of the

rock material;

Clay mineral content;

Rock age and geological setting
(environment) at time of deposition
by study of small fossils (palynol-

ogy) :
Organic carbon content;
Individual C4 - C7 hydrocarbons;

Solvent-soluble bitumen - with sep-
aration into important component

fractions by column chromatography:

C15 + paraffin - naphthene hydro-
carbon distributions by gas chro-

matography;

Characterization of solvent-insol-
uble organic matter (kerogen) - vis-
ual description, elemental composi-
tion, and carbon-isotope composition;

Vitrinite reflectance for an esti-

mate of thermal history of the rock:

0il and other volatiles generated by
heating (material balance assay and
thermal extraction analysis) and
characterization of gaseous and
light liquid hydrocarbon products;
and

Organic carbon fraction involved in
0il and gas generation (material

balance assay and C-H-N analyses).

These parameters give a number of inde-
pendent and dependent variables from
which the geologic and chemical conditions
at the time of deposition of the rocks

can be elucidated. Moreover, they pro-

vide a comprehensive inventory of the



organic matter remaining in the rocks.
Some of these parameters are important

in outlining the role of the rocks in
sourcing the gas that is now being sought;
some will undoubtedly be important in
future exploitation schemes in which more
than combustible gas is being sought

(e.g., chemical feedstocks).

This publication is a status report on
some interesting findings to date and
their potentially important implications.
The interpretation is preliminary because
it is based on results from some of the
analyses of samples that cover but a small
fraction of the study area. However, it
appears to be firm enough to provide an
integrated geological and geochemical
model that can be expanded, tested, and

modified as more data become available.
Geographic and
geologic setting

The overall study area, in which the Late
Devonian-age dark shales exist and have
potential as a source of natural gas, is
shown on the map in Figure 1. The basins
are located by dashed outlines. However,
it should be noted that the arbitrarily
chosen boundaries correspond to the outer-
most occurrences of Silurian-age sediments
for the Appalachian and Michigan Basins.
For the Illinois basin, the outline
corresponds roughly with the outermost
occurrence of Pennsylvanian-age rocks. If
older rocks were chosen in any of the
basins, the outlines would be larger, and
the positive structural features between
them thinner. Other structural features
are also shown on the map, as is the gen-
eral location of the axis (deepest part)
for the Appalachian Basin during Late

Devonian time.

The wells from which samples were obtained
and studied are also located on the map,
and more information on their locations
is given in the map key (Table 1). The
two lines of section shown later in the
report are also indicated. Note that the
line of section for the Illinois Basin,
section A - A', zig-zags sharply at Wells
P-1 and I-1; this was done so that the
wells appear on the section in the order
of their location with respect to basin
position. The deepest part of this basin
at the time of deposition of the dark shale
was between Wells I-1 and 0-1. As the map
indicates, the deepest part of the Appala-
chian Basin in Late Devonian time, along
the section B - B', occurs between Wells
KY-2 and VA-1. Because Wells CW-A and
CW-B are so close geographically and in
similar geologic settings, they are pre-
sented on the cross-section as but one
well.

The general basin configuration during
late Devonian time is shown diagrammati-
cally in Figure 2. This represents one
of the later episodes in a 250-million
year history of deposition in the Eastern
United States as the Appalachian mountains
were repeatedly uplifted and as they ex-
posed increasingly younger rocks once de-
posited in the persistent geosyncline.
There was an inexorable westward pro-
gression of the mountain axis and the cen-
ter of deposition of the basin. The
thickness and volume of sediment also
decreased with each succeeding geologic
age, from as much as 20,000 ft of pre-
Devonian rocks to less than a third of

that thickness in the Devonian period.

From their axes of deposition, the Paleo-

zoic sediments thin westward. Perhaps as
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Table 1

WELLS INCLUDED IN THIS STUDY

Illinois Basin

I-2 Henderson County,

Illinois

Northern Illinois Gas No. 1 RAR 32-8N-4W

I-3 Tazewell County,

Illinois

Northern Illinois Gas No. 1 MAK 8-23N-2W

P-1 Sullivan County, Indiana
Energy Resources of Indiana No. 1 Phegley Farms

14-6N-10W

I-1 Effingham County, Illinois
Tri-Star Producing No. 1-D Lancaster 31-9N-4E

0-1 Christian County, Kentucky
Orbit Gas No. 1 Ray Clark 12-G-25

Appalachian Basin

R-109 Washington County, Ohio; Warren Township Sec 27

River Gas No.

R~-109 F. L. House

CW-A "Cottageville Wells"” Jackson County, West Virginia
Consolidated Gas Supply No. 11940 L. A. Baler
and No. 12401 W. L. Pinnell

CW-B "Cottageville Wells" Lincoln County, West Virginia
Columbia Gas Transmission No. 20402 and No. 20403

KY-2 Martin County, Kentucky
Columbia Gas Transmission No. 20336

VA-1 Wise County, Virginia

Columbia Gas Transmission No. 20338

early as late Cambrian, and certainly by
Ordovician time, the thenceforth persis-
tent Cincinnati Geanticline (Arch)
appeared and the Illinois Basin, as such,
took shape. This basin is a gently down-
warped, shallow depression bounded by
brcad, low-relief domes and arches, most
of which were positive features by late
Ordovician time and were intermittently
slightly emergent or slightly awash from
then on through the remainder of the
Paleozoic Era. Although the diagram
serves to illustrate the basin geometry,
it is highly exaggerated, as are the
sections on which the geochemical data
are presented. For a clearer visualiza-

tion of the true basin gecmetry, at the

bottom of Figure 2 there is a cross-sec-
tion showing the relative thickness of the
sedimentary section with respect to basin
width. The approximate position of the
dark shales is also shown, but the thick-
ness of the line representing them is in
actuality too thick. Therefore, this
figure clearly shows that, on a broad
regional basis, the basins are not deep
depressions at all, and the dark shales
are relatively shallow and very thin.

A generalized stratigraphic section is
also included, on Figure 3, in order to
show the relative geological position of
the dark shale section and some of the
terminology (e.g., Famennian and



GENERAL CLASSIFICATION

NORTH AMERICAN

CLASSIFICATION
Approx. |Erathem” | System Series
time Sta A
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Upper . Trempeaieauian
Potsdamian Qonx Franconion
Late lan -
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Lower i Woucoban
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FIGURE 3 - Stratigraphic section

showing rock series studied.




Prasnian) used in the area and in this
report. For the sake of uniformity in
this presentation, the dark shales will
be called just that, without the use of

names that vary from locality to locality.

Geochemical data

This report is a synthesis of some of the
data that have been reported in earlier
reports [l-4] and presentations [5-8].
Tabulations of their large data sets will
not be duplicated here because they are
available in the original documents. 1In
preparation for this report, much of those
data were correlated graphically, one var-
iable against another; important ones were
plotted individually and as ratios on

maps and cross-sections. After these ex-
ercises, certain parameters emerged as
important in delineating distinctly dif-
ferent organic matter types, herein

called organic facies, and some revealed
somewhat interesting, unexpected geo-
chemical relationships. Further study of
additional samples, particularly more
closely spaced samples within the wells
studied, will undoubtedly reveal more
chemical parameters important not only in
the recognition of the resource guality
and gquantity but also in optimizing loca-

tions and procedures for exploitation.

The analytical procedures, too, were de-
scribed in detail in the earlier reports
and will not be discussed again herein,
save for a few general descriptions, some
of which were already presented in the

Introduction.

Stratigraphy and biofacies

With the usual heterogeneity of rocks,
and possible recurrence of similar geo-

logical and geochemical conditions in a

depositional basin, it is important in a
study such as this to ascertain whether
the analyses are being made on correla-
tive rocks; i.e., were the sediments
deposited at the same time, and/or in
identical depositional environments.
This can help ensure that the target in-
terval was not missed and that complete
coverage was obtained. Usually, the
best correlations are accomplished with
a suite of down-hole probes from which
are derived logs (well logs) on which
the responses of the rocks; i.e., elec-
trical, sonic, physical, etc., provide
characteristic patterns that can be
recognized, compared, and correlated from
well to well. Similarly, the character-
istics (i.e., rock type, grain size dis-
tribution, clay mineral content, fossil
contents, etc.) of the rock (cores or
cuttings) collected as the well proceeds
will generally give excellent correla-
tions. In this study, the correlations

1were-all based on biofacies and chemical

similarities.

Some of the rock samples from some of the
wells were treated with mineral acids to
remove much of the silicate and carbonate
matrices, and their organic remains were
studied under the microscope by a palyn-
ologist, experienced in looking at rocks
from this area, to determine the age of
the rocks and the environmental conditions

under which the rocks were deposited.

The determination of the age of the rocks,
Late Devonian, and the subdivision intc
its Famennian and Frasnian stages, were
possible because of the distinctive
morphology of spores and acritarchs pre-
served in the rocks. The environment of
deposition was determined by the rela-
tive proportion of polymorphs known to

be common in nonmarine, restricted marine,

11



and marine environments. In most samples,
representatives of all three types were
present, so the interpretation was based
on the most abundant forms after a large
number, usually 200 to 300, were counted
on a slide. Also, there frequently was
an abundance, even a predominance, of
older, apparently more thermally altered,
material. Obviously, this was organic
matter laid down in older Paleozoic (in-
cluding earlier Devonian) rocks that had
subsequently been buried, uplifted, and
eroded - with their products filling the

active basin (see Figure 2).

The general depositional relationships
from these studies are presented in Fig-
ures 4 and 5. Insofar as possible, these
cross sections are hung on the Frasnian-
Famennian time boundary (see Figure 2),
and the results of the palynological
study on four wells are represented dia-
grammatically. Palynological results
were not available on Well I-1, but it
has been tentatively placed in its rela-
tive position based on interpretation of
the chemical information to be discussed
later. Samples from Wells I-2 and I-3
from the shelf margin on the northwest
edge of the basin were all of Famennian
age, but how far above the Famennian-
Frasnian boundary cannot be determined

from the data.

The lowermost samples of both these wells
were deposited in a marine environment
which indicates the existence of a shallow
sea in this area receiving only fine-
grained inorganic material from a sedi-
ment-source area a great distance away.
There was apparently free connection and
circulation of waters to and from the
deeper open sea, also quite £far away,
probably to the northwest and perhaps to

the northeast. For a time, the free

12

connection to the open sea was gradually
restricted, perhaps by local bottom topog-
(While

these episodes have been correlated in

raphy, and then was restored.

these two wells, they may actually be
similar but different cycles in a repeated
series of cycles that often occur in a
basin's history.)

While the restored open marine conditions
and circulation prevailed, nearly a hundred
feet of marine sediment was deposited. No
more of the record is available at the I-3
well, but at I-2, there was subsequently

a relatively abrupt change from marine to
nonmarine conditions as the basin filled
and connection with the open sea was dis-
rupted, and/or as streams of the boundary
land masses carried increasing amounts of

nonmarine clastic sediments into the basin.

At the basin position of Well P-1, the en-
vironment was restricted marine at the
FPamennian-Frasnian boundary and became non-
marine in the uppermost sample. This
change from restricted marine to nonmarine
probably occurred earlier at this basin
position because of the presence of the
Cincinnati Arch that was intermittently
being uplifted and was shedding nonmarine
clastics into the Devonian basin. In this
basin position, closest to the Arch, non-
marine conditions probably persisted for
most, 1f not all, of the remainder of the
Late Devonian Period as regression of the

seas to the northwest continued.

The Devonian rocks in Well I-1 were de-
posited in the deepest part of the Illi-
nois Basin represented in our study. The
five samples cover a stratigraphic inter-
val of only 76 ft but, because of their
very high organic carbon contents (to

be discussed later), they were assumed

to be deposited in a restricted marine
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environment and probably just about at
the Frasnian-Famennian boundary, as in-

dicated in the interpretive cross section.

Well 0-1 is on the southern shelf of the
basin in sediments that thinned gradually
to the south. The Frasnian-Famennian
boundary was bracketed by the samples and
all were deposited in restricted marine
conditions, although scanty details from
the palynology indicate that the oldest
sample, while restricted marine, is more
marine than the other, younger ones. This
is in agreement with the overall picture
of a marine regression to the northwest

in this basin.

The data on samples from wells in the
Appalachian Basin (Figure 5) also are
consistent with a marine regression to the
north; in this case, apparently as the
long narrow marine waterway to the open
oceans to the north was slowly filled
and/or uplifted. Samples from the
southernmost well in this basin were all
deposited in a nonmarine environment,
with the exception of the oldest one.
Thus, the influence of the growing
Appalachian mountains completely domi-
nates the sedimentation in this basin
area, from 150 ft below the Frasnian-—

Famennian boundary to 400 ft above it.

From Well VA-1, the line of the cross
section crosses the basin axis (deepest
part) which has not yet been sampled.
The setting of Well KY-2 on the other
(western) shelf is a classic example of
conditions at a basin hinge~line: some-
times the marine influence from the north
dominates; sometimes the circulation, and
hence the environment, is restricted; and
sometimes, with uplift of high-relief
Appalachian mountains proceeding relative-

ly more rapidly than corresponding

subsidence of the geosyncline, the non-
marine clastics pour from the mountains,
cross the depocenter, and are carried long
distances northwestward, at times even

across much of the shelf.

At the position of the Cottageville wells,
the environments were not determined
palynologically, but they also probably
varied from marine to nonmarine and were
apparently persistent over longer time
periods than at KY-2. The organic geo-
chemistry suggests at least two cycles of
restricted-marine depositional environ-
ments, with at least one short marine cycle
(represented by but one sample, at 3625°,
in one well.) The age of the sediments is
undetermined but could be placed either
above or below the Frasnian-Famennian con-

tact.

At the position of the northernmost well
analyzed to date, R-109, the palynology
was not done, but from the geochemistry,
it appears that there is one restricted
marine cycle with marine deposition above
and below. This interpretation agrees
with the regional geology that indicates
an open connection to the sea to the

northeast throughout the late Devonian.

Thus, the palynology, supplemented by

the organic geochemistry, gives a geo-
logically reasonable interpretation; i.e.,
of a marine environment slowly and re-
luctantly regressing northward as non-
marine sediments were shed from highlands
and filled the basins more rapidly than
they subsided. The influence of the con-
nection to the open oceans to the north
was snuffed out only slowly; and as
mountain growth occasionally slowed or
basin subsidence accelerated slightly,
the marine waters swept southward again

only to have the dominant influence of

15



the highlands restored. First restricted
marine, and then nonmarine, environments
of deposition were re-established and
persisted for longer and longer periods

as the Devonian system came to a close.

Organic carbon

In geochemical studies, organic carbon
content is the single most useful param-
eter in revealing overall hydrocarbon
source potential although alone it re-
veals nothing about the relative poten-~
tial for oil versus gas. On Figures 6
and 7, which are cross sections on the
same scale as Figures 4 and 5, organic
carbon contents are plotted at the appro-
priate positions down the wells. When
the two sets of data are superimposed, in
wells in which both biostratigraphy and
organic carbon contents are available,
particularly at Well KY-2, the Cottage-
ville Wells, Well R-109, Well I-3, and
Well P-1, there is a remarkable close
association of high organic carbon con-
tents with restricted marine environments
of deposition, and low organic carbon
contents with both marine and nonmarine
environments. Therefore, the biostrati-
graphic reconstruction can be done with
both sets of data: in wells in which only
organic carbon data are available, the

environment can be inferred.

One apparent exception is at Well VA-1,
in which three cycles of high organic
carbon are associated with nonmarine
deposition. However, these highs provide
the key to the interpreted proximity of
restricted-marine sedimentary wedges

In Wells I-2, I-3, and KY-2,

organic carbon contents reach maxima in

(Figure 2).

the restricted environment but increase

both before and after restricted

16

conditions become dominant, i.e., in some
of the marine and some of the nonmarine
facies contiguous to the restricted marine
facies. Therefore, the three cycles of
organic carbon enrichment in Well VA-1
strongly suggest that the nonmarine
setting was at least being influenced by
restricted marine conditions relatively
close by, although not strongly enough
transgressive to dominate the sediments -
at least not in the intervals sampled -

but perhaps in intervening ones.

Together, the biostratigraphy and organic
carbon data present a very consistent
pattern, shown diagrammatically in Figure
2: the emerging Appalachians were a .
continuous prolific sediment source, and
the intermittently positive Cincinnati
Arch was an occasional one, as both basins
filled in Late Devonian time and as the
once-free marine circulation from the
north~northeast in the Appalachian Basin
and the north-northwest in the Illinois
Basin gradually disappeared, and non-
marine conditions covered most, if not all,
the basin for a time at the close of the

Devonian Period.

Kerogen descriptions

Along with the distribution of organic
carbon in a section or a basin, another
basic parameter is the nature of the
detrital organic matter. One approach
in studying this parameter is purely de-
scriptive; i.e., a visual description of
the acid and solvent insoluble organic
matter under the binocular microscope.
Sedimentary kerogen is primarily com-
posed of remnants of algal, amorphous
(sapropel), herbaceous (spores, pollen,
cuticles, and membrane debris) material;

structured material (called "woody"); and
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finely divided coaly {inertinite) mate-
rial. A great volume of literature to
date agrees that, on a unit-volume basis,
the algal and amorphous material is far-
and-away the most prolific oil-producer;
the herbaceous is intermediate; and the
woody and coaly types are mostly gas-
generating, as the kerogens are subjected
to temperatures that increase with depth
of burial and over the long time periods

associated with the rocks' history.

In order to help visualize the distribu-
tion of organic facies in the study area,
the kerogen description data were plotted
on triangular diagrams - 100% algal and
amorphous at one apex, 100% herbaceous at
another, and 100% woody and coaly at the
third.
of these plots for the Illinois and

Figures 8 and 9 show the results

Appalachian Basins, respectively. The
envelopes that include all the data are
drawn for each well to show the trends -
the individual data points have been de-
leted to simplify the drawings for this
interpretive report. The facies are
divided into nine arbitrary types with
numerical designations ranging from 00
through 40 and 11 through 41; the larger
the first numeral the more oily the or-
ganic matter. The appearance of the
numeral "1" in the second position in-
dicates greater than 50% herbaceous kero-
gen. The arbitrary facies designations
are plotted in their appropriate positions
in the cross sections (Figures 6 and 7)

to show the stratigraphic and regional
trends.

These plots further strengthen the inter-

pretation that there were several distinct
organic facies existing at different times
in different parts of the basin. In the

Illinois Basin, the kerogen facies

(Figure 8) fit the biostratigraphy and
organic stratigraphy, Figure 2. Samples

from areas of Wells 0-1, I-1, and part of
those from P-1 and I-2 contain a paucity
of woody-coaly material and represent a

facies (40,41) not common in the Appala-

chian Basin. The more woody-coaly facies
at pP-1, I-3, and I-2 suggest a very local
source of nonmarine organic matter as well
as nonmarine clastics from the Cincinnati
Arch east of P-1.

(Figure 6) it appears that there is a gen-

From the cross section

eral progression in kerogen types strati-
In the Frasnian (Wells P-1,

I-1 and 0-1) the sediments were receiving

graphically.

virtually no structured (woody-coaly)
material. The area-around Well P-1 was
the first to feel the influence of the
emergent Cincinnati Arch since at the
outset of the Famennian, the organic
matter became virtually all structured
(facies 00). In the areas of Wells I-~1
and 0-1, there still was no woody-coaly
material well up into the Famennian. The
organic matter being incorporated into
Wells I-2 and I-3 was for the most part
more structured, but obviously not be-
cause of a contribution of land plants.
This was primarily a marine environment.
It seems more likely that the woody mate-
rial described in these wells was struc-
tured material from the stalks and stems
of marine plants. The amount preserved
in the sediments was dependent on the en-
vironment of deposition; when stagnant,
restricted-marine conditions prevailed,
more organic matter was preserved, what-

ever its type.

From the kerogen data and the biostra-

tigraphy is appears that during the Late
Devonian the Illinois Basin developed as
follows: A marine environment prevailed

over much of the basin at the beginning
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of the period, but in the south and cen-
(I-1 and 0O-1), the waters
soon became stagnant; algae bloomed; and

tral portions

relatively large amounts of spores, pol-

100 %
ALGAL & AMORPHOUS

100% CZij | o 100%

HERBACEOQUS WOODY, COALY & OTHER
@ ARBITRARY
FACIES DESIGNATION

FIGURE 8 - Kerogen facies - I1linois basin wells.

to the northwest. When conditions be-
came more restricted, more of the biomass,
particularly structured marine plant parts,

was preserved. But the northwest connec-

len, cuticular material, etc., were
carried in from a local source and were
deposited and preserved. The influence
of the Cincinnati Arch was first felt at
P-1, at the beginning of the Famennian,
as nonmarine clastics poured in at this
locality from the east. Restricted
marine conditions persisted in the areas
around I-1 and O-1, and consequently more
of the organic detritus was preserved.

To the northwest on the northwest shelf
(I-3 and I-2), marine conditions dominated
caused, probably, by a marine waterway

20

tion to the open sea closed in very Late
Devonian time, as the whole region emerged,
and nonmarine conditions took over the

whole basin at the close of this period.

The Appalachian Basin also shows very
localized organic sources. The organic
matter in VA-1 is uniformly mostly woody-
coaly facies 00, 10, and 20. This re-
flects the dominant influence of the near-
by Appalachian source area with land-de-
rived structured organic matter and re-

worked coals from rapidly eroding older
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FIGURE 9 - Kerogen facies - Appalachian basin wells.

Paleozoic rocks being dumped into the
area. Although some kerogen with an
identical makeup was deposited intermit-
tently at KY-2, some of its samples con-
tain a very herbaceous kerogen facies
(11, 21, 31, and 41 types), mostly asso-
ciated with restricted marine conditions.
Also interspersed down Well XY-2 there
are more algal types, 20 and 30, than are
found at VA-]1. The kerogen facies at the
R-109 and Cottageville wells are more
algal or amorphous - 20's, 30's, and even
40's.

These results suggest that there were
three different sources of organic matter

during deposition of Late Devonian-age
sediments in the Appalachian Basin:
woody-coaly from the Appalachian mountains,
which are also the source of most of the
nonmarine clastics in the basin; amorphous-
algal from the open-sea connection to the
north; and a less important, very local
herbaceous source providing material to

the area around KY-2. This local source
may have been to the west of KY¥-2 and is
likely to have been the source of herba-
ceous matter in somewhat lesser amounts

in Wells 0-1 and I-1 in the Illinois

Basin and R-109 in the Appalachian Basin.
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If the results of the two basins are con-
sidered together, it appears that there
were four organic source types: algal-
amorphous types from the marine connec-
tions to the north, blanketing the whole
Illinois basin but only the northern part
of the Appalachian Basin; herbaceous,
from the low-relief arches separating the
basins, with the richest source closest
to KY-2, but affecting virtually all the
area because the products were easily
transported; woody-coaly, particularly
from the Appalachians to the southeast,
especially dominating deposition at VA-1
but also an intermittent influence at
KY-2; and an abundance of a conjectured
structured marine-~plant material in the
northwestern Illinois Basin. No matter
what the source of the organic matter,
preservation was enhanced if the environ-
ment at the time of deposition was re-

stricted marine.

Kerogen alteration indices
and vitrinite reflectance

The extent of hydrocarbon generation of
potential source rocks is controlled by
Two methods,

kerogen coloration and vitrinite reflec-

their thermal history.

tance, were used to measure the thermal
alteration of the Devonian shales. The
kerogen coloration of the plant cuticle
and spore-pollen debris was measured in
transmitted light. Unaltered kerogen is
light greenish yellow (Stage 1 Thermal
Alteration Index, or TAI); severely al-
tered kerogen is black (Stage 5); and
intermediate stages range from orange
through dark brown. The oil-generation
stages correspond to moderately mature

to mature kerogens which are yellow-orange

to light brown color (Stages 2 to 3-).
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Vitrinite reflectance (Rg), i.e., reflec-
tivity of the small organic grains exposed
on a polished surface, was also used to
measure the degree of thermal alteration.
It is generally accepted that Rp values
ranging from 0.2 to 0.6 indicate that the
sediments are too immature for oil gen-
eration. However, our work strongly sug-
gests that in Paleozoic rocks, the organic
matter is exposed to thermal stress for
relatively longer times, and therefore,
the onset of significant generation may
occur at somewhat lower values; e.g., 0.4.
Elsewhere, the zone of petroleum genera-—
tion is usually interpreted to fall in

the range from 0.6 to 1.2, and values

from 1.2 to 3.0 generally indicate a
thermal history sufficient to form wet

gas and methane. The severely altered
or metamorphosed organic matter repre-
sented by R, values greater than 3.0 is
considered to indicate organic matter
that has exhausted its capacity to gen-
If the

liguid-generation boundary is shifted

erate significant hydrocarbon.

downward, as we propose, the other ranges
(e.g., for mature gas only) would also
be shifted downward.

The thermal histories of the Devonian
shales in all but one (VA~-1) of the wells
analyzed in this study are very uniform.
The organic matter in the shales from
seven of eight wells in which the kerogens
were analyzed is characterized by its
yellow to orange-brown color. This color-
ation is consistent with a thermal alter-
ation index of Stage 1+ to 2. The aver-
age value of Stage 2 corresponds to a
thermal history equal to the early stages
of petroleum generation. The average
vitrinite reflectances in Wells I-2, I-3,
p-1, I-2, and 0-1 are between 0.45 and

0.50. 1In the KY-2 well, a slightly higher



thermal alteration corresponding to a mean
average Ro of 0.52 was measured. The mean
average Rg for vitrinite particles in the

R~109 well was 0.70, and in the VA-1 well,

about 1.0.

Thus, in the Illinois Basin the vitrinite
reflectance values suggest that these
rocks are not quite mature enough to have
generated large gquantities of hydrocarbons;
the kerogen coloration indicates they have
just begun doing so. 1In the Appalachian
basin, there is increasing thermal matur-
ity, and hence probable hydrocarbon gen-
eration, an interpretation consistent with
It should be noted
that the individual measurements of Ry in

kerogen coloration.

any sample vary widely; in fact, the
spread in values may be caused by two con-
tributions of organic matter: one, less
mature, preserved from living matter con-
temperaneous with sediment deposition,

and a second, more thermally altered, re-
worked organic matter from oclder sediments
once buried more deeply to the east, up-
lifted with the sediments, and eroded and
carried out into the Appalachian geosyn-
cline to be redeposited. This reworked,
probably oxidized, redeposited organic
material has much less potential to gen-
erate hydrocarbons than ordinary once-

deposited kerogen.

Core gas analysis

At the well site, the core sample is re-
moved from the barrel, cleaned, and ex-
amined prior to being canned in a gas-
tight container. The first test performed
on the sample when it is brought to the
laboratory is an analysis of the gas in
the headspace of the sample container.

The subsequent analysis is that of the
residual gas remaining in the core. The

two results are combined to vield a

minimum value of total gas present in
the sediment. In spite of a whole host

of uncontrolled variables that must be
contended with (i.e., widely varying

time between coring and sample canning,
care in collection, different volumes
collected, variable lithologies, etc.

that determine the percentage of gas re-
tained in the sediment), gas content has
proven to be an extremely important assess-
ment parameter. The total amount of gas
generally indicates overall hydrocarbon-
potential realization, and the abundance
of ethane and heavier hydrocarbon homologs
in the gas indicates how liquid prone (in
contrast to exclusively methane gas prone)

the rocks are.

The gas results, from these basins, are
somewhat inconsistent with the other anal-
yses, and perhaps they simply reflect the
quality of sample; i.e., some that ought
to contain more gas based on their organic
carbon contents may be low because of

long time periods that elapsed between
Well I-2

Even in samples

coring and sealing in the cans.
may be an example of this.
in which the organic carbon content was
two and three percent, only about 20,00
ppm gas was present. On the other hand,
in these sediments at such relatively
shallow depths, the gas may simply not

be retained, having escaped vertically
through the thin sedimentary cover. It
was apparently generated because of ther-
mal exposure, because the gas wetness
{(Co+ in the total C3; -C4) reaches 80% in
the richest cores. Such values are only
observed well within the thermal zone of
0il generation (Stage 2 TAI and higher).
In fact, it is these high gas-wetness
values that suggest that although the
kerogen is at marginal TAI's and the
Ro's too low for the material to have

experienced the oil-generating stage,
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that in these relatively older rocks, the

long exposures have compensated for the

lower temperatures experienced by the

rocks. Another alternative is that the
gas has migrated upward from more ther-
mally altered, older rock units. This
latter alternative seems unlikely, as

will be shown later.

East of I-2, at Well P-1, the three gas
samples are quite variable, but the one
value of 270,000 ppm (total gas) at

2521 ft indicates a good, prolific hydro-
carbon source; its wetness of only 27%
suggests a primarily gas-prone facies,
which is inconsistent with the type of
organic matter (kerogen type 40) that is
normally more prone to generate liquids
‘and wet gases. Greater gas wetness (86%
and 73%) is observed in the smaller
amounts of gases in the samples above
and below the anamolous one.

At Well I-1, the samples all had large
volumes of gas (340,000 to 560,000 ppm),
also indicating prolific hydrocarbon
sources, marginally liguid prone (25% to
40% ethane and heavier homologs in the

At Well O-1 the sediments
are also good hydrocarbon sources (230,000

C1 - C4 gas).

ppm to 410,000 ppm), and are also margi-
nally ligquid prone in the upper samples
(26% to 35% Cy+) to very gas prone in
the older ones (15% Cy+).

The interesting point is that these gas
wetness results are consistent with the
kerogen facies discussed earlier. Those
samples in the 40 and 41 facies tend to
have less ethane and higher homologs in
gas than those in the 10, 20, and 30

kerogen facies. This is contrary to the
generally accepted idea that the reverse
should be the case. This deserves more

extensive study.
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In the Appalachian Basin, at Well R-109,
the samples are rich in gas volumetrically
up to 3 million parts gas per million
parts sediment (because of gas compressi-
bility, a unit volume of rock at subsur-
face conditions can contain enough gas so
that it will expand to more than the vol-
ume of rock when brought to the surface;
i.e., at atmospheric pressure). There is
a close correlation of higher gas contents
with higher organic carbon content. The
gas is wet (62% to 84% Co+), which is very
high for the low kerogen TAI's and Ry's

of the vitrinite. Again, this suggests
that there is a trade-off of time for
lower temperatures (at least indicated by
kerogen properties) in these old, Paleo-
zoic, rocks. In Well KY-2, gas contents
are about an order of magnitude lower
than in R-109, but the host rocks would
still be classed excellent potential
sources of hydrocarbons by our criteria.
In this well also there is a very good
correlation of higher gas contents with
higher organic carbon values. The wetness
values vary considerably but are mostly

in the 50% to 60% Cy+ range, i.e., defi-
nitely liquid prone. In Well VA-1 the
gas contents are very high. They are as
high as at R-109 and correlate directly
with organic carbon content, but they are
very low in Cp+ contents (7% to 18%), in-
dicating an almost exclusively gas facies,
consistent with the predominance of woody-

coaly kerogen.

Perhaps the most important indication of
the gas znalyses, beyond the fact that

the sediments are generally very gassy,

is that the gas apparently does not mi=-
grate very far in these fine~grained sedi-
ments, especially those at depths greater
than 2000 ft.

a plot of gas contents as a function of

This can be shown best on

-

organic carbon contents (Figure 10). For
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each well there is a good linear corre-
lation, but the intercepts are different.
The organic matter in Wells R-109 and VaA-
1 is apparently the gassiest. Samples
from KY-2 contain about an order of mag-
nitude less gas per unit of organic
matter; and Wells I-1 and O-1 have even
less gassy organic matter. I-2 appears
even lower on the plot but, as discussed
earlier, this may be due to gas loss at
shallow depths of burial. The excellent
correlation of gas content to organic
carbon content suggests that the gas is
indigenous and that, as it is formed,

it is essentially trapped right in the
pores where it is formed. There must be
virtually no permeability to allow the
gas to spread out in the section. There-
fore, with the stimulation methods being
considered, it appears that maximum gas
recoveries will be from the richest or-
ganic facies. Fracture networks that
coincide with or are contiguous to these
facies should be sought. Furthermore,

as indicated earlier, these generally co-
incide with or are stratigraphically close
to sediments deposited in the restricted

marine environments.

The retention of gases and the apparently
low Rg and TAI values may not be totally
unrelated. There has been speculation
among organic geochemists of the differ-
ences that might be observed between those
natural rock-organic matter systems in
which the gas is retained and those in

which the gas is transported or migrates

away. In the reaction
Kg==Ki *+ g
(K, indicates the original kerogen and

K; the product kerogen from which gas (g)

has been thermally cracked), if the gas
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is retained in the system and if there is
an equilibrium, the kerogen would not al-
ter to as "mature"” TAI and R, values as
it would if the gas were able to diffuse
from the reaction site and away from the
kerogen. Actually, the Cj1s+ hydrocarbon
data suggest that the ligquid as well as
the gaseous hydrocarbons are retained at

their sites of formation.

C ,;. hydrocarbon contents

Another standard method of appraising the
hydrocarbon potential of sediments is the
extraction of soluble bitumen and separa-
tion of the hydrocarbons and determina-
tion of their concentrations. A useful
method of delineating regional or strati-
graphic trends in potential and of dis-
tinguishing various wedges of different
composition is a plot of heavy hydrocar-
bon contents as a function of organic car-
bon contents. This presentation is in-
cluded for the Illinois Basin (Figure 11)
and the Appalachian Basin (Figure 12).
The figures are divided into nine arbi-
trary facies for purposes of plotting on
the cross sections. Clastic rocks with
less than 0.4% organic carbon (facies 00,
10, and 20) do not have enough carbon to
be considered potential sources of pro-
ducible hydrocarbon. Above approximate-
ly 1.5% organic carbon, the rocks have
relatively great hydrocarbon-source po-
tential. Thus, for the most part, this
criterion establishes the obvious, that
much of the Devonian dark shale of these
two basins is a potential source, albeit

a guite variable one.

The amount of hydrocarbon relative to the
organic carbon content provides another
useful guideline, the greater the ratio,

the greater the tendency for the rock to
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give up liquids. In fact, at ratios below
about 100 ppm hydrocarbon per percent or-
ganic carbon, or twice as high as the
ratio (the line) dividing facies 00 - 02
and 10 - 12 (which is about 50 ppm hydro-
carbon per percent organic carbon), rocks
are labeled "gas - only". Therefore, on
the diagrams, data points of the 00, 01,
and 02 facies types are definitely dry-
gas (virtually only methane) prone.
Notice that this includes most of the
samples from the VA-1l well. Those few
samples above the line are sc low in
organic carbon and hydrocarbon they can
be ignored for all intent and purpose
and can be considered nonsources. This
further points up the very unique char-
acter of the organic matter in this lo-
cality. It is a more thermally altered,
more woody-coaly, nonmarine, gassy (Fig-
ure 10) type of organic matter, obvious-
ly sourced in the Devonian version of

the Appalachian mountains nearby.

A straight line with a slope of 1 can be
fitted to the data from each of the wells.
(As was pointed out earlier, probably

most of the data falling in fields 00

and 10 should be ignored because the
scatter of analytical data here is usually
considered to be an artifact; it reflects
the decreasing analytical accuracy and
precision at lower hydrocarbon and organic
carbon contents.} The straight-line re-
lationships strongly suggest that there
may be only three basic types of hydro-
carbon facies in these two basins; a dry-
gas Southern (probably east of the basin
axis) Appalachian type; a more liquid-
prone Illinois Basin type; and a still
more liquid-prone, Northern Appalachian

Basin type.

Another important observation is that the

ratio for each family persists even at

lower organic carbon contents. This shows
that migration of heavier hydrocarbons
from richer to leaner shales does not gen-
erally take place; the hydrocarbon appears
to be locked in place. The most likely
exception is one sample from the I-2 well
whose Cj;g+ hydrocarbon content is quite
high for its organic carbon content. 1In
fact, the sample is at 538 ft. The next
deeper sample contains about the same
amount of hydrocarbon but five times as
much organic carbon. This may be a rare
case of redistribution of C;g+ hydrocar-
bon in the sediments included in this
study. Furthermore, the particular 'en-
riched' sample also contains more C} - Cy
gaseous hydrocarbons than either of its
neighbors, 10000 ppm versus 6400 ppm and
2400 ppm respectively, which further sup-
ports the interpretation that in this one
case there was migration of both hydro-

carbons to a slightly more porous zone.

The absence of overlap of data fields be-
tween the samples from VA-1 and KY-2, par-
ticularly, suggests that although marine,
restricted marine, and nonmarine environ-
ments of deposition alternated in various
parts of the basins, and although the
heavier, particulate portions of the or-
ganic matter (kerogen) are very closely
related to, if not controlled by, local-
ized source provinces, the heavy hydro-
carbon precursors are independently formed
and geographically localized. Thus, we
may have regional solid-matter {(kerogen)
organic facies superimposed on a more
variable, environmentally controlled, hy-

drocarbon~organic matter facies.

In support of the previous conclusion the
coincidence of the 02, 12 and 22 facies

on the cross section with the richest or-
ganic carbon zones and thus the restricted

marine environments is striking. No matter
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what type organic matter may have existed
in a particular basin position, more of
it was preserved and deposited in the
sediment when the environment was re-
stricted marine. Less of any type of
organic matter was present in the sedi-
ment if the conditions were either marine
or nonmarine. Therefore the environment-
al control appears to be the overriding
one determining the amount of organic
matter incorporated in the sediments of

these two basins.

More study is needed on this apparent
dual control of organic facies: what
caused the two types, what relationship
they bear to the gas content in the sedi-
ment, and whether they can be projected
to or predicted in undrilled portions of
the basin. Both facies provide con-
straints on certain other important as-
pects of the problem. For example, only
samples with greater than 3% organic car-
bon and 350 ppm Cjs5+ hydrocarbons (i.e.,
Illinois Basin-type facies) will yield
more than 5 gal/ton of hydrocarbon
liquids upon material balance assay or
thermal extraction analysis. On the
other hand, only samples with greater
than 28% Amorphous-Algal and less than
35% woody-coaly kerogen types will give
as great yields.

Carbon isotope ratios

One of the perplexing results from the
geochemical studies is the Cl3/C12 car-
bon isotope ratios [expressed as differ-

ences in parts per thousand from an arbi-

trary standard the Peedre belemnite (PDB)].

Although only relatively few analyses
have been run, the results do not agree
with the widely accepted view that car-~
bon from more-marine environments is

heavier (smaller negative numbers in our
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scheme of presentation). To illustrate
this discrepancy, a sample from the P-1
well had a value of -24.6 vs PDB, and an-
other in the VA-1 well, -25.6, coincident
with a nonmarine environment of deposition,
whereas several others from marine environ-~
ments were lighter (more negative), and

the lightest, -31.6, was from a restricted

environment.

Moreover, within each one of the three
"facies" indicated by the three distinct
HC/OC ratios in the three geographic areas,
the samples richest in absclute amounts of
both hydrocarbon and organic carbon have
the lightest carbon. For example, for

the Illinois Basin type, the scl3ycl2
values are -24.6 for the lean sample from
Well P-1, and from -28.0 to -31.6 for sev-
eral rich samples from Wells P-1, I-1,

and 0O-1; for the northern Appalachian
Basin type, the values range from -26.7
for a low-hydrocarbon, low-organic carbon
sample to -28.93% to -30.2 for richer
samples, all from Well KY~-2. The trend

is not so clear-cut with the Southern
Appalachian Basin type: -25.6 for the
leanest sample in Well vVA-1 to =-27.9 for
the richest, but with three intervening
samples ranging from -28.1 to -29.3. If
the isotope ratios are considered along
with the triangular diagrams showing a
relative kerogen type distributions, our
preliminary results also contradict the
long~accepted view of the more marine the
organic matter, the heavier the carbon
isotopically. For Well P-1 (in particu-
lar) and Wells VA-1 and KY-2, the greater
the proportion of woody-coaly kerogen,

the heavier the carbon (less negative
scl3/cl2 yalues). Whatever the cause of
these unusual trends in the carbon isotope
composition, it merits much more work to
document and explain it. The results will
be of great interest to organic geochem-

ists in general.



Future work

This study demonstrates the utility of
the more general types of organic geo-
chemical data in augmenting reconstruc-
tions of basin geology, environments of
deposition, source provenances, etc. It
also shows how organic geochemistry pro-
vides unique information bearing on the
resource potential of sediments and sedi-
mentary sections. The data show how
rapidly, i.e., in how narrow a strati-
graphic interval, organic contents and
facies can change in a basin, particular-
ly at an active basin position such as a
hinge line or inflection point (Well KY-2)
between shelf and deeper basin. There-
fore, the work provides a strong case for
The fact that the
full organic-rich cycles were not sampled

(Cottageville Wells, and Wells KY-2, VA-l

closer sample spacing.

I-3, pP-1, I-1, and 0-1) provides strong
justification that in future wells samples
be taken to cover the entire "dark shale"
unit and the less-rich geologic section
both above and below it. For total re-
source evaluation, this additional samp-
ling, to bracket all the organic-rich

zones, would seem to be necessary.

Secondly, at more closely spaced, regular
intervals (e.g., every 10 ft) in every
well drilled in the future, a full suite
of comprehensive geochemical and geologi-
cal analyses are needed to give a more
detailed picture of the location, the
character, and the continuity of the gas-
rich zones. 1In some wells, the age and
environment can only be speculated now,
or projected from wells over 50 miles

away.

This short study should be followed with
a study of the more detailed aspects of

the organic geochemical data and the

importance and relationships of other
variables. In particular, the molecular
compositions of the hydrocarbons merit
much more attention. Moreover, the geo-
chemical, lithological, and mineralogical
data need to be correlated with the geology
of the study area being conducted by other
investigators. For example, what is the
association between the organic-rich zones

and the naturally fractured zones?

Finally, carbon isotopic composition of
organic matter in samples closely spaced
across depositional-environment boundaries
should be carefully analyzed to confirm
and, we hope, to explain the apparent con-
tradictory picture that these data give
with respect to the accepted relation of
isotope ratios to environment of deposi-
tion and type of organic matter. Geochem-
ically, this may be the most important dis-
covery of this study.
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